A sensor selection and design process for a small planetary rover is presented for the purpose of autonomous navigation and hazard avoidance. The selection process includes an overview of the options in methods and hardware, followed by the choice/design of sensors based pu the performance requirements, vehicle constraints, and other factors. Emphasis is on the design methodology from a systems engineering perspective. Because of the need for prototype microrover demonstrations, real issues of cost and availability were strong drivers in the design. These issues, along with the platform limitations, have led to a practical sensor selection for an autonomous planetary microrover.
Sensors inclinometers
Although the autonomous requirements of the rover are greatly relaxed due to the intermittent use of man-in-the-loop, there still remains the complex task of sensing in an unstructured environment. In addition, the small platform imposes many constraints on the sensors, reducing their capabilities. These constraints are primarily:
size-each platform has a 1 5 cm square base, which must be shared among other components. Hence, sensors must be on the order of a few centimeters in dimension.
mass-the final goal is to keep the entire rover under 5 kg, a large fraction of which is needed by the structure and power train. Hence, the sensors are allotted about 1 kg total.
power-due to the low energy density of batteries, and the limited solar panel area, the power budget is very tight. A solar panel will only be able to produce approximately 5watts, so that every milliwatt is valuable.
These are the primary constraints of the rover, which have led to the selection of a sensor suite that conforms to these requirements. Wherever possible, sensors have multiple use, which increases the efficiency of the sensor suite. To save costs, most of the hardware is off-the-shelf. However, two of the sensors (sun angle and laser range finder) were constructed specifically for the microrover, due to the lack of suitable commercially available hardware.
NAVIGATION SENSORS

Navigation performance requirements
As mentioned, the goal of the microrover is to autonomously travel up to 100 meters at a time, based on a commanded destination. Locations of interest are selected from the rover's CCD camera image of the terrain. After arriving at the destination with sufficient accuracy, another image is taken and transmitted to earth. By observing this image relative to the 60 / SPIE Vol. 2220 Figure 1: MITy-2 prototype microrover previous one, the control station is able to keep track of navigation errors, assuming that the rover can navigate autonomously to within some fraction of the straight line distance. This has been chosen to be 10%. The greatly-relaxed navigation requirement is the result of sequential image analysis.
It is important to note that, due to the nature of the mission, all navigation is relative to objects of interest as seen in the image.
There is no need to travel to a global coordinate. Also, even if the cumulative error becomes large from day to day, the important issue is that the navigation error within each run (short term) is within 10%. Hence, additional infrastructures such as a global positioning system (GPS) are not necessary, and low-performance dead reckoning hardware on board the rover can suffice.
Navigation sensor choice
There are a number of dead-reckoning schemes available for a ground vehicle. Such sensors typically are high bandwidth, making them useful even when the vehicle state is changing rapidly. However, a dead reckoning system suffers from long term error growth, either with time or distance. This is why such systems are often combined with reference-based navigation systems such as GPS, which have bounded errors, but are generally low bandwidth. In this case, the referencing is accomplished through the sequential CCD image analysis. Other reference-based navigation schemes, such as triangulation from external land beacons or satellites, are impractical. The problem, then, becomes that of choosing adequate dead reckoning hardware.
Measuring translation in the ground plane is the goal of the dead reckoning sensors. This can be accomplished by direct measurements along both axes (in the ground plane), or by measuring translation only along one axis, as long as the orientation of that axis is known. The latter option is well suited to the microrover, since it is designed to only translate along its longitudinal axis. Lateral motion, although difficult to induce, may still occur however. Nevertheless, measurement of longitudinal translation can be done easily, and a complete dead reckoning navigation system is possible with the inclusion of heading sensors.
A traditional method of sensing translation has been with accelerometers, which are twice integrated. There are many inertial navigation systems available, and even though some of the "strapped down" systems have become miniaturized, they are expensive and usually have large power requirements. Instead of measuring translation with respect to an inertial frame, it can be measured with respect to the ground using odometry.
Odometry, like that on an automobile, depends on a known effective wheel diameter and a no-slip condition at the contact patch. Indoors, this is not much of a problem. Rough terrain, however, can create large amounts of slip, and the changing soil properties can change the effective wheel diameter. Nevertheless, it is possible to minimize these inaccuracies through fusion of data from more than one sensor. In fact, all six drive wheels are available for translation measurements, since feedback is needed for drive motor control anyway. This provides redundancy, as well as room for averaging many wheels. Of course, since drive wheels can slip significantly (such as over soft soil), an unpowered "drag" wheel can give more accurate results during these high-slip conditions.
MITy-2 uses data from the six drive wheels as well a drag wheel mounted behind the middle platform. In addition, pitch and roll angle sensors are used on the front and middle platforms to make corrections in translation measurements due to the out-ofplane (vertical) motion. Although bubble-level inclinometers are used on the middle platform, the front platform uses accelerometers with their sensitive axes oriented along the rover's horizontal axes. Tilt angle is then found by measuring the gravitational component along these axes. Fig. 2 illustrates the longitudinal translation sensors used on MITy-2.
In addition to longitudinal translation, the heading of the rover must also be measured. Like translation, heading can be measured relative to an inertial frame, relative to the ground, or relative to some other external source. Some of the traditional heading sensors are magnetometers, differential odometry, star and sun sensors, and "gyros."
The magnetometer is not an option on Mars, due to the very weak magnetic field. Differential odometry, which measures the difference in left and right wheel rotations, is prone to large errors over rough terrain. A star sensor, although popular for orienting satellites, is not practical due to the need of night time operation and very clean optics.
A sun sensor, however, is a much more practical solution. The sun is a bright source, even on Mars, and is generally available when the rover is operational. Heading is best provided when the elevation angle is low, while no heading information is available when the elevation angle is 900, but this condition is rare. In general, a sun sensor can provide very accurate data during most of the daytime. By knowing the general planetary coordinate and the time of day, the relative sun position is known, so that heading angle can be extracted. The main drawback to a sun sensor is the loss of operation when shadowed.
Fortunately, inertial angle sensors, often referred to as "gyros" (an abbreviation for the classical spinning rotor gyroscope), have recently become practical for small low-cost applications. Today's gyros are only a few centimeters in dimension, and have improved greatly in design. The most practical ones involve micromachining, and are angular rate sensors. The output can be integrated once for angular displacement. These gyros fill in the some of the voids of the sun sensor, but the main drawback to gyros is the unbounded error growth with time.
MITy-2 uses a combination of sun sensor and inertial angular rate sensor to calculate the heading angle. The system benefits from the high bandwidth and "dark" operation of the gyro, with the bounded error growth of the sun sensor. The gyro is a vibrating mass design, which senses angular rates via coriolis forces. Although not as accurate as other inertial grade gyros such as fiber optic or ring laser types, these gyros benefit from low cost, high reliability, and small size. For the sun sensor, off the shelf hardware that met the specific needs of the rover was not available. Therefore a prototype sun sensor was made. This unique device is described in the following section.
In summary, the navigation sensor suite on MITy-2 includes:
Odometry from drive wheels and a drag wheel tilt sensors in the form of bubble level inclinometers and accelerometers sun angle sensor inertial angular rate sensor (integrated)
Prototype sun sensor
The main purpose of the sun sensor is to provide an accurate calibration of the gyro to control the absolute heading error growth. In addition, the sun sensor can be used in place of the gyro, in the event of a gyro failure. It was desired tohave an accuracy of 10 without mechanical scanning, in addition to a hemispherical instantaneous field of view (IFOV). With the platform constraints, these requirements could not be met with commercially available hardware. Rate Integration Circuit A prototype sun sensor was therefore constructed to meet these requirements. This sensor mainly consists of an optics head and a position sensitive detector (PSD). Sunlight is gathered by the optics, and focused to a point at the PSD. By measuring the position of this spot of light on the PSD, the relative angle of the sun can be calculated.
The optics head consists of a common miniature fish-eye lens, which has a field of view that is slightly larger than hemispherical. With an additional lens, the collected light is focused to a point. As the sun angle changes, the spot of light translates in the focal plane. The transformation of sun angle to spot displacement is a function of the optical parameters. Fig.  3 shows the functionality in terms of relative azimuth, , and elevation, c, to the polar coordinates r and 0 in the focal plane.
The term "relative" is used because the sun sensor may be tilted. Hence, the sun sensor creates yet another use for the inclinometers.
The PSD measures the position of the light spot along two axes. These are Cartesian coordinates, so that the polar coordinates need to be calculated first before determining and . The PSD is a PIN photodiode, with a photocurrent that is proportional to the light intensity. Each axis has two anodes, and position is found by the fractional contribution of each anode's current to the total current. PSD's have the advantage of being continuous as well as very fast, due to their analog design. However, they do not have the ability to distinguish any incident light from the focused light spot. Hence, background and reflected light can be troublesome, although optical filtering can alleviate some of this. Discrete array sensors such as CCD's can circumvent this problem by providing an intensity distribution across the sensor, but at the expense of resolution and complexity. Under most conditions, however, the direct sunlight is the major source of incident light on the detector, and so the inferred light spot position is accurate. Fig. 4 shows the actual sun sensor, surrounded by inclinometers, a rate gyro, and associated electronics, including an analog integrator for the rate gyro. As shown, the entire "heading module" is fairly compact, even with a low packing efficiency. This module mounts to the middle platform of MITy-2.
3. HAZARD AVOIDANCE SENSORS
Hazard avoidance performance requirements
In addition to autonomous navigation, the rover must also avoid hazards en route to the destination. Although the high level commands from the earth's control station incorporate a hazard free path as best as possible, the CCD image provides limited information. Combined with navigation errors, the microrover's autonomy must include some level of hazard avoidance.
Hazards refers to situations that prevent the rover from reaching its destination, due to the lack of mobility. They include events like overturning, inability to climb objects, vertical drops, wheel jams, sinking in soft soil, or general loss of wheel traction.
There are two problems to be overcome: 1) sensing the environment and vehicle state sufficiently, and 2) using this data to plan an appropriate modified path. The following section will deal with the former issue of sensing.
Sensing can range from simple bumpers, to an advanced system led by vision and range finding. Simulations have shown a need for some level of noncontact sensing, especially in high density obstacle fields. The main problem with noncontact sensing is that systems that provide high resolution in both range and azimuth are generally very costly, complex, and much too large for packaging on the microrover. Fortunately the slow speed of the rover, about 30 cm/s, allows a moderate sampling rate. In addition, a sensing range of up to only 3 meters has been shown to be sufficient. Resolution needs to be a small fraction of the rover's wheel size, to maneuver around obstacles efficiently. The azimuthal field of view needs to be at least 1800 in front of the vehicle. Noncontact sensing that follows these needs should form the basis of the hazard avoidance sensor suite, although other sensors are still needed to supplement this. The goal is to sense the environment sufficiently, so that the destination can be reached with a high level of success, and with minimum power consumption. Sensing can always be improved, but this undoubtedly makes the hardware impractical for a microrover platform.
Hazard avoidance sensor choice
The platform constraints of the microrover make the choice of noncontact sensors difficult. Vision systems have the advantage of being passive, high resolution, and mechanically simple, but the processing needs are large. Active range finding systems can provide a depth map directly, but are generally complex, bulky, and require a high sampling rate to construct depth maps in real time.
In order to reduce the noncontact sensor requirements, a limited field of view was chosen so that a 1800 azimuthal FOV was provided, without elevation scanning. Using tilt sensors on the same platform, the orientation of the sensor can be known at the time of ranging. Although this method is limited in its sensing, it provides a practical alternative to two-dimensional depth maps from vision or complex scanning range finders.
The design of the hazard avoidance sensor suite was based on a systems engineering approach. Rather than using highperformance hardware, various low-cost sensors were used, many of which have multiple use as navigation sensors. Emphasis was placed on sensor fusion in software to improve the system performance. The mechanical design of MITy-2 was a strong driver in the sensor selection, and its high degree of mobility lessened the requirements of the hazard avoidance system. The MITy-2 hazard avoidance sensors include: . infrared proximity sensors
Many of these are visible in Fig. I . All of these sensors are standard off-the-shelf hardware, except for the laser range finder, which was designed and built specifically for MITy-2. The laser range finder is discussed in detail in the next section.
The lowest level of hazard detection is performed by the contact switches, or bumpers. These are located at the front and rear, and indicate when an object has contacted the rover with sufficient force, at which point the vehicle stops and changes direction. Contact sensors were limited due to their interference with mobility. Hence, the bumpers are supplemented by odometry and wheel torque sensors, which can indicate collisions also.
The next level of sensing is accomplished by the tilt sensors and proximity sensors. As mentioned in the navigation section, the tilt sensors are on the first and second platform. Although two types are used, they both measure The angle of their respective platforms relative to the local gravity gradient. Hazard avoidance uses the tilt sensors so that the orientation of the rover is maintained within a safe envelope, to prevent overturning and wheel slip. In addition, the laser range finder needs tilt sensors so that its beam orientation is known at the time of measurement. The front platform also has some short range infrared proximity sensors to indicate whether the ground in front is close enough. These are used along with the front pair of tilt sensors to detect cliffs or crevices, since the range finder does not have the ability to scan in elevation.
The highest level of sensing, which provides most of the data for the path planner, is the laser range finder. Like the sun sensor, this device was developed specifically for MITy-2 due to the lack of suitable commercially available hardware.
Prototype laser range finder
As mentioned, the laser range finder was developed for short range sensing, and a one dimensional scan. The requirements are:
• 1800 azimuthal FOV An active laser was chosen as the illumination source due to its ability to provide high angular resolution in a small size. Other electromagnetic sources require larger apertures, and do not have the resolution needed. Traditional laser range finding techniques use pulsed time of flight, continuous wave phase shift, and triangulation. Due to the short range involved and simpler electronics, a triangulation scheme was used.
Active triangulation works well for ranges that are within a few order of magnitudes of the emitter-detector baseline separation. From the law of sines, when two angles and one side of a triangle are known, the third side (range) can be calculated. A range finder can be constructed by placing an emitter and detector a known distance apart, with their optical axes oriented at a known relative angle. By measuring the angle of incidence of the diffusely reflected light (as captured by the receiving lens), range is found from simple geometry, as shown in Fig. 5 . Note that Fig. 5 shows range as a function of the baseline separation B, the receiving lens focal length f, and the collected light spot displacement d. In this configuration, similar triangles hold, and hence d is representative of the reflected angle of incidence, 8. Therefore, instead of measuring 9, the diffusely reflected laser light is collected by the receiving lens and focused to a small spot in the focal plane, and range is then calculated by measuring this light spot position.
Measurement of the light spot position, d, is done easily with a PSD, similarly to the sun sensor. In this case, the PSD can be one-dimensional, and more importantly the light can be modulated, allowing the emitted light to be filtered from the background light. However, the prototype range finder for MITy-2 filters out the ambient light by measuring the PSD currents before and during the active pulse, and differences these to get the contrijution from just the laser. To improve detection, a matched optical filter is used, centered at the laser center wavelength of 920 nm.
The design of the range finder includes many issues, the most important of which are mm/max distance, allowable baseline separation, optical power output, and detector characteristics. Assuming a good signal-to-noise (SIN) ratio, the normalized range error can be shown to be:
R Bf where 6d is the position detection error of the PSD. Note that this normalized range error grows linearly with range, making triangulation practical only for short distances. Also. the error varies inversely with the product of the baseline separation and receiving lens focal length, so that accuracy can always be improved through larger dimensions. However, there are other individual considerations in choosing B and f, which will not be discussed here. The product Bf was kept small for packaging purposes, but was large enough for the given detector error &l so that the range error was within the specifications. The associated electronics include transimpedance amplifiers, a summing amplifier, and an analog divider. The entire prototype range finder is shown in Fig. 6 . Although this met the packaging and performance requirements of the microrover, further improvements will include size reduction, and use of modulation to improve detection, allowing a lower power laser. For MITy-2, this range finder is scanned in azimuth with a small servo motor to achieve the required FOV.
PERFORMANCE
Preliminary test results show that the MITy-2 prototype microrover can adequately traverse moderate-density obstacle fields autonomously, and arrive to a commanded destination within a 10% error circle. The sun sensor/gyro combination work well together, and periodic updates when the vehicle is stopped are helpful for removing the gyro bias drift, as well as providing heading updates from the sun sensor. The high speed of the sun sensor allow dynamic use also, if filtering is provided. A heading accuracy of 1° is typical.
The majority of the navigation error, as expected, is from odometry. Wheel slip over soft soil and irregular terrain induce errors in estimating the straight line distance. A higher degree of sensor fusion among the various sensors is expected to improve the translation error significantly.
The hazard avoidance sensors provide adequate sensing under simplified obstacle fields, such as traffic cones on a level field. More intelligent sensor fusion techniques will likely be needed over very irregular terrain, due to the out-of-plane motion of the rover. Currently, however, the simplified ranging technique combined with tilt sensors and other low-performance hardware allow obstacles to be detected sufficiently when the terrain is more structured.
Overall, MITy-2 has demonstrated success in autonomous navigation and hazard avoidance using small, low-performance hardware. The two prototype sensors can be easily improved, yet have still performed adequately. Future work will concentrate on sensor fusion algorithms, improved detection, and advanced testing and simulation on more difficult terrain.
